We provide experimental evidence for confinement of water molecules in the pores of hexagonal structure of YPO4 at elevated temperatures upto 600 K using powder neutron diffraction. In order to avoid the large incoherent scattering from the hydrogen, deuterated samples of doped YPO4:Ce-Eu were used for diffraction measurements. The presence of water molecules in the triangular and hexagonal pores in the hexagonal structure was established by detailed simulation of the diffraction pattern and Rietveld refinement of the experimental data. It was observed that the presence of water leads specifically to suppression of the intensity of a peak around Q = 1.04 Å -1 while the intensity of peaks around Q=1.83Å -1 is enhanced in the neutron diffraction pattern. We estimate the number of water molecules as 2.36 (6) per formula units at 300 K and the sizes of the hexagonal and triangular pores as7.2 (1) Å and 4.5 (1) Å, respectively. With increase in temperature, the water content in both the pores decreases above 450 K and vanishes around 600 K. Analysis of the powder diffraction data reveals that the hexagonal structure with the pores persist up to 1273 K, and transforms to another structure at 1323 K. The high temperature phase is not found to have the zircon or the monazite type structure, but a monoclinic structure (space group P2/m) with lattice parameters am= 6.826 (4) Å, bm= 6.645 (4) Å, cm= 10.435 (9)Å, and β= 107.21 (6)°. The monoclinic structure has about 14 % smaller volume than the hexagonal structure which essentially reflects the collapse of the pores. The phase transition and the change in the volume are also confirmed by x-ray diffraction measurements. The hexagonal to the monoclinic phase transition is found to be irreversible on cooling to room temperature.
Introduction
Rare-earth (RE) phosphates and its derivatives (REPO4:RE=La, Ce, Gd or Y) exhibit exotic properties like chemical stability, excellent high-temperature properties, high radiation damage tolerance, high luminescence quantum yield, high energy band gap, etc [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Due to a sharp emission, these compounds are also used as host for luminescence applications 6, 7, 13 including lasers and display devices. A combination of rare-earth phosphates and silicates is used as host for nuclear wastes 14 . At ambient condition, depending on the ionic radii of RE ion and synthesis route, the compounds can crystalize in tetragonal, hexagonal and monoclinic phases 13, [15] [16] [17] [18] .A smaller ionic radius compared to the ionic radius of Gd generally adopts the tetragonal structure, whereas other orthophosphates have the lower-symmetry monoclinic structure. Depending on the synthesis conditions, GdPO4, TbPO4, DyPO4, and HoPO4 can adopt either zircon or monazite structure 13, 16, [19] [20] [21] .
LaPO4 crystallizes in two polymorphs, namely, the tetragonal phase (xenotime structure) and the monoclinic phase (monazite structure). Yttrium orthophosphate, YPO4, also has the tetragonal symmetry (xenotime type) 6 . Doping YPO4 matrix with Ce 3+ and Eu
3+
, enhances luminescence intensity and scintillation efficiency which makes it practically suitable candidate in scintillators industry 6, [22] [23] [24] [25] .Further, dopedYPO4remains in the tetragonal phase. However, on increasing the concentration of Eu , a tetragonal to hexagonal phase transition occurs 6 . The hexagonal phase ofYPO4:Eu:Ce has a zeolite like configuration, in which many pores are available along the c-axis (like a channel) and water can be confined in these pores. Recently, we found that the hexagonal phase of modified REPO4exhibits a high temperature stability 6 . Thermogravimetric analysis-mass spectrometry (TGA-MS) measurements show that the hexagonal phase of modified REPO4 (RE=Y, La) can retain water molecules up to very high temperatures (~ 1073 K). Upon heating above 1073 K, the hexagonal phase transforms to a tetragonal phase due to the removal of water. It is well known that the hexagonal phase is stable because water molecules are occupying the pores along c-axis. This was found in Ce/Bi co-doped YPO4:Eu. Presence of water persists up to 800 o C (1073 K).The confined water molecules are not frozen even at 215 K 26 . In order to understand the anomalous behavior of confined water, we need to identify the positions/locations of water molecules.
In X-ray diffraction, scattering is due to interaction of X-rays with the electronic charge cloud of atoms, whereas in neutron diffraction, scattering is due to interaction of neutron with nuclei of atoms.
Hence, neutron diffraction has an advantage over X-ray diffraction in terms of detection of lighter atoms in presence of heavy atoms. This makes neutron diffraction techniques suitable to identify the existence of confined water in pores. In this paper, we present detailed structural studies as a function of temperature to investigate the pore sizes, nature of bonding of water molecules with host lattice and the structural phase transition. Interestingly, water molecules occupy the triangular and hexagonal channels of hexagonal phase REPO4, which, to the best of our knowledge, is confirmed by the present neutron diffraction studies. Also, a new monoclinic phase with space group P2/m is reported at high temperatures.
Experimental
15at.% Ce and 5 at.% Eu doped YPO4 (YPO4:Ce-Eu) powders were prepared by taking precursors such as Y2O3, Ce(CH3COO)3, Eu(CH3COO)3 and NH4H2PO4[reference6]. The metal precursors (Y2O3, Ce(CH3COO)3, Eu(CH3COO)3)were dissolved in HNO3acid in a round bottom flask (RBF). The excess acid was removed by alternate warming and cooling processes with addition of D2O in Ar atmosphere.
Stoichiometric ratio of (NH4)H2PO4 was dissolved in D2Oand solution was injected to RBF containing metal ions precursors. In order to avoid H or water present on the surface of particles, D2O was added at different time intervals during heating at 100-160 o C in Ar atmosphere. About 2-3 liters of D2O were consumed to get 10-15 g of YPO4:Ce-Eu powder. Dried powder was transferred into glass bottle and sealed under Ar atmosphere using glove box. The obtained powder sample is considered as deuterated sample. Powder X-ray diffraction was used to characterize the sample.
Temperature dependent neutron powder diffraction experiments were performed at the high-flux D20 diffractometer 27 at the Institut Laue-Langevin, Grenoble, France in temperature range 300-1323 K.
The high resolution mode (take-off angle of 120º) was selected with a wavelength of 1.3594 Å. The measurements were performed using the deuterated sample, since the usual hydrogenous sample gives a large incoherent background in the neutron diffraction data.
At each temperature, the crystal structures were analyzed using the Rietveld refinement program FULLPROF 28 . A Thompson-Cox-Hastings pseudo-Voigt with axial divergence asymmetry function was used to model the peak profiles. The background was fitted using a sixth order polynomial. Except for the occupancy parameters of the atoms, which were fixed corresponding to the nominal composition, all other parameters., i.e., scale factor, zero displacement, structural parameters were refined. In all the refinements, the data over full angular range has been used, although in the figures only a limited range has been shown to highlight the changes. To complement the results from neutron diffraction, powder xray diffraction experiments were also performed at selected temperatures.
Results and discussion
Figure 1 (a)shows the result of Rietveld refinement of room-temperature powder x-ray diffraction data using the hexagonal structure of YPO4 with empty pores. It is evident that all the reflections except the marked ones are accounted for using the hexagonal structure. This confirms the formation of the hexagonal phase at room temperature. We have explored various possibilities and found that the additional reflections marked with arrows correspond to unreacted ammonium deuterium phosphate and cerium acetate. It is important to notice that these additional peaks disappear on heating at high temperature (~473 K) (discussed later). Figure 1 (b) shows the comparison of powder X-ray and neutron diffraction patterns of the sample (intensity as a function of Q, Q = 4π(sinθ)/λ). It is evident from this figure that the neutron diffraction data also have additional peaks as observed in X-ray diffraction data.
We have refined both the x-ray and the neutron diffraction data using the hexagonal phase. It is important to notice that the refined structure is not able to account the intensity of certain reflections around Q= 1.04 and 1.83 Å -1 ( Fig. 1 (c) ).
It is well known that the hexagonal phase has a zeolite configuration, with many pores along the c-axis. Pore size around 5-6 Å is sufficiently large for H2O/D2O molecules to occupy the pores. This was found in Ce/Bi co-doped YPO4:Eu. Based on the TGA-MS and NMR studies, the presence of water molecules inside the pores has been reported (Reference 26).
To investigate the effect of confined water on neutron diffraction data, we simulated the diffraction patterns assuming various possible ways the water molecules could be contained in the pore structure ( Figure 2 ). It may be noted that in view of the large incoherent background from the hydrogen, deuterated samples of modified YPO4:Ce-Euwere used for diffraction measurements. In simulation, we considered the neutron scattering length of deuterated water molecules. In the simulation as well as in the Rietveld refinement of the neutron diffraction data described below, we assume the D2O as a point particle with the total neutron coherent scattering length of D2O. The Debye-Waller factor of D2O includes both the size of the D2O molecules and the thermal vibrational amplitude. The simulation result shows that in pure hexagonal phase (without water) the reflection appearing around 2θ= 12.9° is the strongest one (figure 2 top left panel). As it can be seen from the figure, the hexagonal structure has two type of pores, namely, the triangular ring (confined in triangular cage) and the hexagonal ring (confined in hexagonal cage). The terms pore, ring and cage are often used interchangeably in the literature. Assuming that water is confined only in the triangular ring, the simulated diffraction pattern shows that the intensity of all reflections decreases except for the reflection at 12.9 degree (figure 2 top right panel). On the other hand, if water is confined only in the hexagonal cage, the intensity of the first peak decreases while the peak intensity appearing at around 2θ= 22.5° increases (figure 2). Finally, we considered deuterated water molecules in both the rings and find substantially different diffraction patterns as shown in figure 2. Now, if we recall the neutron diffraction pattern at room temperature, we see that the measured intensity of first peak around2θ=12.9° is suppressed while the intensity of peaks around 22.5° is enhanced with respect to the calculated diffraction pattern for the pure hexagonal phase without water. Thus, we again refine the neutron diffraction data using the model with the water molecules in both the cages. We found that the insertion of water molecules in pores modifies the intensities (Figure 3 (a) ). Consequently, the fitting in figure 3 has improved as compared to that in figure 1 , and the refined intensities of peaks match well with experiments. This might be regarded as a signature of the presence of water in the cages.
The structural parameter of YPO4:Ce-Eu.nD2O obtained by Rietveld refinement of the neutron diffraction data at 300 K using the hexagonal structure are shown in Table 1 . Occupancies of D2O molecules in the triangular and hexagonal rings are found to be 0.37 and 0.22 respectively. Total number of D2O molecules in unit cell is (0.37+0.22)×12= 7.08, which correspond to 2.36 (6) D2O molecules per formula unit of YPO4. The hexagonal and triangular pore sizes are estimated as7.2 (1) Å and 4.5 (1) Å, respectively. On increasing the temperature, the pore sizes increase as a result of increment in lattice parameters. The structure of YPO4:Ce-Eu.nD2O obtained by Rietveld refinement of neutron diffraction at 300 K using the hexagonal structure is shown in figure 3 (b) .
Further, to identify the temperature where the amount of confined water vanishes, we carried out temperature dependent neutron diffraction study. (2θ =22.5°) decreases below 550 K. The integrated intensity of these two peaks is nearly temperature independent in the temperature range 600 -1200 K, and decreases with further increase of temperature ( figure 4(a) ). The ratio of the integrated intensities of these characteristic peaks is shown in figure 4(b) . It is found that the ratio of these peaks increases with increasing temperature, exhibiting an anomaly around 550 K. Heating above 550 K, the ratio becomes nearly temperature independent upto 1200 K, and further decreases sharply to finally vanishes at 1323K. Figure 4 (c) depicts the variation of the amount of confined water obtained using Rietveld refinement of the powder neutron diffraction data. We found that as the temperature increases the water content in both the pores decreases above 450 K, and vanishes around 600 K. changes as a function of temperature, especially in terms of dissimilar broadening, intensity and splitting of various peaks. We also noticed the disappearance and appearance of additional reflection above 1223 K. At 573 K, all the Bragg reflections present in the powder diffraction patterns can be indexed with the hexagonal phase, and the refinement without the water molecules leaves some excess intensity at the peak round 12.9° (see figure 5(b) ). However, including the water molecules in pores results in increasing the intensity of this peak, which matches very well the observed data (see Figure 5(c) ). The neutron data at and above 723 K could be explained with the hexagonal phase without any water. This suggests that above 723 K, water molecules are not detected in our neutron diffraction study. Rietveld refinement of the powder neutron diffraction data shows that the temperature dependent neutron diffraction patterns could be indexed using the hexagonal structure without any water from 723 K to 1223 K. At a higher temperature, 1323 K, the refinement of the powder neutron diffraction data using the hexagonal phase is not satisfactory, suggesting a different structure.
Based on high temperature X-ray diffraction study, Luwang et al 6 reported that on heating above 1223 K, the sample undergoes a hexagonal to zircon type tetragonal phase transition. In view of this, we refined the neutron diffraction data collected at 1323 K using the zircon type tetragonal structure as shown in figure 6 (a) . But the tetragonal phase could not account for all the reflections present in the powder neutron diffraction data at 1323K, which suggests the incorrectness of the structure. We have also tried other possible structures as reported in the literature like the monoclinic structure of LaPO4 (monazite structure), but the attempt was unsuccessful as the peak near 20°could not be indexed as shown in figure   6 (b). Further, we have explored various possibilities and found that another monoclinic structure (with space group P2/m) with lattice parameters am= 6.826 (4) Å, bm= 6.645 (4) Å, cm= 10.435 (9) Å, and β= 107.21 (1) ° is able to index (Figure 6 (c) ) all the peaks present in the neutron diffraction pattern at 1323 K. It is important to notice the that there is 14% volume drop across the hexagonal to the monoclinic phase transition at around 1323 K; (as the volume of the hexagonal (z=3) and the monoclinic (z=6) phases are 262.6 and 452.2 Å 3 respectively). This change in the volume can be expected from the collapse of all the empty pores in the hexagonal structure. In fact, the volume of the monoclinic structure matched close to the volume of the unmodified YPO4 that does not have any pores of the zeolite-like hexagonal structure. A portion of the powder X-ray diffraction pattern of YPO4:Ce-Euat selected temperatures is shown in Figure 8(a) . From 573 to 1223 K, all the Bragg reflections present in the powder diffraction patterns could be indexed with the hexagonal phase. The powder X-ray diffraction patterns reveal the appearance of additional reflections above 1223 K which could be ascribed to the monoclinic phase found above from the neutron diffraction. Presence of the additional characteristic peaks of the monoclinic phase at 1323 K clearly provides an evidence for phase coexistence and confirms the first order nature of the hexagonal to monoclinic phase transition. We found that the refinement of the powder diffraction data at 1483 K was unsuccessful using the hexagonal phase, or the zircon type tetragonal phase as well as the monazite type monoclinic phase, since a number of peaks present in powder diffraction data could not be indexed (see figure 8(b & c) ). However, as shown earlier in case of the powder neutron diffraction, another monoclinic phase (with space group P2/m) is able to index all the reflections(see figure 8( Remarkably, we notice that the small difference in the phase transition temperature observed in the neutron and X-ray diffraction cases is related to experimental history, namely, the time elapsed and rate of heating conditions. It is also important to notice that the sample remains in the monoclinic phase (high temperature phase) after cooling to room temperature, which suggests that the hexagonal to the monoclinic phase transition is irreversible in nature.
Conclusions
In summary, we have carried out high temperature powder neutron and X-ray diffraction studiesonYPO4:Ce-Eu. We provide experimental evidence for confinement of water molecules in the pores of the hexagonal structure at elevated temperatures up to 600 K. At room temperature, we found about 1.48 (4) and 0.88 (4) water molecules per formula unit of YPO4 in the triangular and hexagonal pores respectively. Rietveld refinement of the powder diffraction data revealed that the diffraction patterns could be indexed using the hexagonal structure up to 1273 K. Careful inspection of the temperature dependence of the diffraction data above 1273 K indicated a structural phase transition. Bragg 8 reflections present in the high temperature neutron diffraction pattern at 1323 K could not be indexed using neither zircon type tetragonal phase nor the monazite type monoclinic phase, as reported in literature. We found that the monoclinic structure (space group P2/m) with lattice parameters am= 6.826 
